Close-circuit domain quadruplets in BaTiO$_3$ nanorods embedded in
  SrTiO$_3$ film by Stepkova, V. et al.
Closed-circuit domain quadruplets in BaTiO3 nanorods embedded in SrTiO3 film
V. Stepkovaa, P. Martona, N. Setterb, and J. Hlinkaa
aInstitute of Physics, Academy of Sciences of the Czech Republic,
Na Slovance 2, 18221 Praha 8, Czech Republic
bCeramics Laboratory,
Swiss Federal Institute of Technology,
Lausanne CH-1015, Switzerland
(Dated: September 22, 2018)
Cylindrical BaTiO3 nanorods embedded in 〈100〉-oriented SrTiO3 epitaxial film in a brush-like
configuration are investigated in the framework of the Ginzburg-Landau-Devonshire model. It is
shown that strain compatibility at BaTiO3/SrTiO3 interfaces keeps BaTiO3 nanorods in the rhom-
bohedral phase even at room temperature. Depolarization field at the BaTiO3/SrTiO3 interfaces
is reduced by an emission of the 109-degree or 71-degree domain boundaries. In case of 10-80 nm
diameter nanorods, the ferroelectric domains are found to form a quadruplet with a robust flux-
closure arrangement of the in-plane components of the spontaneous polarization. The out-of-plane
components of the polarization are either balanced or oriented up or down along the nanorod axis.
Switching of the out-of-plane polarization with coercive field of about 5 × 106 V/m occurs as a
collapse of a 71-degree cylindrical domain boundary formed at the curved circumference surface
of the nanorod. The remnant domain quadruplet configuration is chiral, with the C4 macroscopic
symmetry. More complex stable domain configurations with coexisting clockwise and anticlockwise
quadruplets contain interesting arrangement of strongly curved 71-degree boundaries.
PACS numbers: 77.80.-e,77.80.Dj,77.84.-s
Ferroelectric objects with nanoscale dimensions, such
as nanodots, nanorods, nanotubes and nanolayers, both
free-standing and embedded in thin films and bulk com-
posites, are generally believed to provide a range of very
attractive physical properties.[1–4] Recent progress in
this field is remarkable – free-standing single crystal fer-
roelectric nanorods have been prepared from a number
of classical ferroelectric materials[5–12] and their proper-
ties measured,[12–16] growing of planar ferroelectric su-
perlattices has become a well established approach for
material property design through the epitaxial strain,[17–
20] self-assembled 1-3 ferroelectric-paralectric nanocom-
posites were used to tailor the dielectric tunability[21]
and the ultrafast switching demonstrated for nanoscale
capacitors already opens new perspectives for practical
devices.[1, 22–28] Properties of all these ferroelectric na-
noelements are strongly sensitive to the conditions of
their surface.[3, 29] Uncompensated polarization charges
at the surface perpendicular to the spontaneous polariza-
tion can lead to a strong modification of the ferroelectric
state or even completely suppress the ferroelectricity,[30]
and even more complex behavior can be expected in com-
posite nanostructures due to the epitaxial strains at the
material interfaces.
Moreover, the established scaling laws for domain sizes
suggest that ferroelectric nanoelements may host fairly
small ferroelectric domains, that in turn can play a deci-
sive role in determining their properties.[31, 32] In partic-
ular, numerous previous theoretical simulations have re-
ported various closed-circuit domain configurations and
vortices in electrically isolated ferroelectric nanodots
and nanorods.[33–39] Interestingly, the straightforward
experimental evidence for these very interesting natu-
ral topological defects is so far very limited and quite
often, an alternative star-like ”quadrant-quadrupole”
arrangement[40, 41] was observed in tetragonal ferro-
electrics instead of the ”flux-closure” curling polarization
state.[40–47] Considerations about possible ways to real-
ize such curling polarization states have led us to theoret-
ical investigations of the behavior of a model system con-
sisting of ferroelectric BaTiO3 nanorods embedded in a
matrix of a thin dielectric film of insulating SrTiO3. The
aim of this paper is to report the condition of formation
of these peculiar closed-circuit domain configurations in
this system.
Phase-field simulations presented in this article
are based on the phenomenological Ginzburg-Landau-
Devonshire (GLD) model [48–50] in which the excess
Gibbs free-energy functional F is expressed in terms
of ferroelectric polarization Pi, its spatial derivatives
Pi,j = ∂Pi/∂xj and strain components eij = (∂ui/∂xj +
∂uj/∂xi)/2, i, j = 1− 3 as
F =
∫
drfGLD[{Pi, Pi,j , eij}] + Fdip[{Pi}] , (1)
where the first term
fGLD[{Pi, Pi,j , eij}] =
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FIG. 1: (Color online) Scheme of the investigated heterostruc-
ture and its nanodomain states: (a) brush-like arrangement
of the BaTiO3 nanorods embedded epitaxially in the [001]
oriented SrTiO3 epitaxial film; (b) domain boundaries within
the 40 nm nanorod, (c) stable domain configuration in the
40 nm nanorod, z-components of polarization arranged in a
up-up-down-down manner; (d) another stable domain struc-
ture, with z-components of polarization arranged in a up-
down-up-down manner, (e) still another stable arrangement,
with z-components of polarization arranged in a up-up-up-
up manner. All calculations assumed 3D periodic boundary
conditions.
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stands for the room-temperature GLD functional,
Cijkl, qijkl and Gijkl stand for components of the elas-
tic, electrostriction and gradient tensors, while Ei and
σij stands for the components of external electric field
and the applied homogeneous stress tensor, respectively.
The other term in Eq. (1) describes the electrostatic
energy[51, 52]
Fdip[{Pi}] = −1
2
∫
dr[Edip(r) ·P(r)], (3)
associated with the interaction of individual dipoles with
the field Edip created by the inhomogeneous part of the
polarization field
Edip(r) =
−1
4pi0B
∫
dr′
[
P(r′)
|R|3 −
3(P(r′) ·R) R
|R|5
]
, (4)
where R = r−r′, B is the relative background permittiv-
ity of the medium (without the primary order parameter
contribution) and 0 is the permittivity of vacuum.
In order to find the equilibrated domain structure un-
der specified conditions, we have applied the usual phase-
field approach [3, 51, 53–55] consisting in simulation of
the natural ”equilibration” process by numerical solution
of the corresponding time-dependent Ginzburg-Landau
equation for the field of polarization
∂Pi
∂t
= −Γ δF
δPi
(5)
where Γ is a kinetic coefficient controlling the energy dis-
sipation rate of the system. Mechanical equilibrium is
assumed to be achieved at each instant so that the in-
homogeneous strain field can be eliminated from the en-
ergy functional of Eq. (1) using the corresponding Euler-
Lagrange equations.[52, 53, 55, 56] GLD model param-
eters for the room temperature BaTiO3 were selected
same as in Refs. 30, 49. For SrTiO3, we have used free-
energy coefficients of Ref. 57. The most essential dif-
ference at room temperature is obviously the positive
value of the quadratic coefficient α1 in SrTiO3. Since
SrTiO3 and BaTiO3 are rather similar materials, the
parameters defining the gradient, elastic, electrostric-
tive and dipole-dipole interactions of SrTiO3 were taken
same as for BaTiO3.[58] Having in mind an epitaxial
film clamped to a substrate with an effective lattice con-
stant comparable to cubic BaTiO3, we have imposed
the average in-plane strain components and out-of-plane
stress components to zero (〈e11〉 = 〈e22〉 = 〈e12〉 = 0,
σ33 = σ23 = σ13 = 0). To define a realistic time scales
in the simulated processes, the kinetic coefficient was set
to Γ = 4× 104 C2J−1m−1s−1, in agreement with the ear-
lier estimations [59]. The simulations were conducted
under periodic boundary conditions within a 2D or 3D
rectangular discrete arrays. The equation (5) was re-
solved numerically in Fourier space by a second-order
semi-implicit method with spatial steps 0.5 nm and indi-
vidual time steps 0.5 fs.
The investigated nanostructure is sketched in Fig. 1a.
Since the nanorods are fully embedded into the SrTiO3
matrix, the epitaxial matching prevents the develop-
ment of large electrostrictive distortion in the BaTiO3
nanorods, and, consequently, it strongly influences
the competition between various ferroelectric states.
Nanorods of 10-80 nm diameter studied in the present
work were in the rhombohedral ferroelectric state, with
local polarization close to the 〈111〉 directions. To mini-
mize the depolarization field, the polarization tends to be
tangential to the BaTiO3/SrTiO3 interface. Stable con-
figurations obtained for the 10-80 nm diameter nanorods
typically break up in 4 domains, separated by 2 per-
pendicular planar domain boundaries intersecting on the
axis of the rod (Fig. 1b). The adjacent domains are ar-
ranged in a head-to-tail manner, so that the in-plane
polarization components are forming a clockwise or an
anticlockwise closed-circuit configuration (see the actual
results for 40 nm diameter rods shown in Fig. 1c,d,e).
The sequence of the out-of-plane polarization compo-
nents in the four quadrants of the nanorod depends on
the initial conditions. Three basic cases were found: the
up-up-down-down-type domain structure with 109- and
71-degree domain boundaries (Fig. 1c), the up-down-up-
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FIG. 2: (Color online) Evolution of the nanodomain structure
within 20 nm nanorod during the simulated switching cycle
driven by electric field applied along the z-direction at room
temperature. Panels (a)-(f) show domain structure at selected
subsequent stages of the process, panel (g) shows Pz vs Ez
hysteresis loop, letter symbols indicate the correspondence
with panels (a)-(f).
down-type domain structure with two 109-degree domain
boundaries (Fig. 1d) and the domain structure with two
71-degree domain boundaries and uniform sense of the
z-component of the polarization (Fig. 1e). Note that the
asymmetric domain structure in Fig. 1c contains a 71-
degree boundary perpendicular to the y-axis and a 109-
degree boundary perpendicular to the to x-axis, while
there are only 109 degree boundaries in the S4(4¯) do-
main structure shown in Fig. 1d.
All these domain structures are stable with respect
to a small external electric fields. Interestingly, the Pz
components can be reversed by the out-of-plane electric
field E ‖ z of the order of 5 MV/m without destruction
of the closed-circuit domain quadruplet arrangement of
the in-plane polarization components. Different stages
of the process of polarization reversal as calculated for
a 20 nm diameter nanorod are depicted in Fig. 2. Poling
of the nanorod in a virgin state starts by splitting of the
109-degree domain boundary into a pair of 71-degree do-
main boundaries, one fixed at the original position and
the other one moving away (see Fig. 2b). The moving
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FIG. 3: Temperature dependence of the average remnant po-
larization within the 20 nm BaTiO3 nanorod (in the up-up-
up-up state, as shown in Fig. 1e).
boundary is eventually fully forced out from the nanorod
when the electric field reaches about 5 MV/m. In the fi-
nal state, the out-of-plane components of the polarization
are uniformly oriented so that the total Pz is maximized
(see Fig. 2c and Fig. 2g). This configuration remains sta-
ble up to about 1 GV/m as well as after the field removal.
In case of initial state of Fig. 1d, the mobile 71-degree do-
main boundaries peal off from both 109-domain bound-
aries, but otherwise the poling process is very similar to
that of Fig. 2.
The reversal of the previously poled state with the
remnant polarization proceeds differently - it is realized
by a collapse of a single quasi-cylindrical 71-degree do-
main boundary formed at the circumference surface of
the nanorod (see Fig. 2d). This process occurs in a fairly
narrow electric field range so that the quasistatic hystere-
sis loop has a well defined intrinsic coercive field of about
5 MV/m (see Fig. 2g). The overall remnant polarization
of the nanorod (0.16 C/m2) is comparable to the sponta-
neous polarization of the bulk BaTiO3 (0.26 C/m
2 in the
present model). As expected, it decreases with tempera-
ture and vanishes near TC ∼ 380 K, which is about 10 K
below the cubic-tetragonal phase transition of stress-free
bulk state (see Fig. 3). Interestingly, the speed of the
polarization reversal is limited only by the nanorod ra-
dius and domain boundary mobility and so it could be
extremely fast. As an extreme example, we have seen
that within the present model and its very simple kinet-
ics, 20 nm nanorod can be switched by 6 MV/m electric
field within few ps.
Let us stress that in the range of stability of the rhom-
bohedral phase, the quadruplet states could be consid-
ered as the basic stable configuration for a broad range of
diameters (about 10-80 nm). In our calculations the po-
larized domain quadruplet state is the true ground state
for a 20 nm nanorod, the asymmetric state of Fig. 1c is
the ground state for 25-70 nm nanorod and, at 80 nm, a
410 20
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FIG. 4: (Color online) Evolution of the domain structure with
increasing nanorod diameter (details in the main text).
multidomain configuration is already energetically more
favorable than the quadruplet structure (see Fig. 4). The
overall trend shown in Fig. 4 is probably quite generic
even though the energy differences between symmetri-
cally inequivalent quadruplets are very small and may
not be experimentally relevant. Nevertheless, when any
of these structures is poled to the quadruplet state of
Fig. 1e, it remains stable. This is the essential property
that does have a potential for practical devices. Ob-
viously, a very thin nanorods eventually do not have
domains at all; in fact, in present model the nanorods
with diameter below about 10 nm show a tetragonal mon-
odomain state (with the polarization oriented along the
nanorod axis, see Fig. 4).
Finally, it is worth to note that the above discussed
poled quadruplet state has a C4 macroscopic symmetry,
which is a chiral one. The in-plane clockwise or anticlock-
wise component of the polarization could be reversed by
inhomogeneous fields. Therefore, the in-plane compo-
nent could be also used to store information. Moreover,
we have noticed that the ferroelectric nanorods can also
sustain a more complex domain state with the coexisting
clockwise or anticlockwise layers (see Fig. 5). In this case,
the interim layer is formed by strongly bend 71-degree
domain boundaries. The core of the curling polarization
is also curved and it is terminated at the circumference
surface of the nanorod. Vertical motion of this interim
layer could facilitate the eventual switching between the
clockwise or anticlockwise state. In either case, the in-
terim layer is preserved during the switching of the out-
of-plane polarization, and it does not have any noticeable
influence on the Pz-switching process – the coercive field
is practically identical to that of the basic C4 structure.
Interestingly, the 71-degree domain boundaries in all
the above closed-circuit domain quadruplet structures
have an unusual 〈100〉 orientation, which does fulfill
the condition of polarization charge compatibility but
which does not satisfy the conventional condition of the
bulk spontaneous strain compatibility [60]. The same
obviously also holds for the curved 71-degree domain
boundaries shown in Fig. 2 and Fig. 5. Full discussion
y
z
x
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FIG. 5: (Color online) Domain structure with coexisting
clockwise and anticlockwise curling polarization layers in a
20 nm diameter BaTiO3 nanorod: a) the overall view, b)
quadruplet domain structure as seen from the top of the dis-
played simulation box (z = 32 nm) and c) domain structure
at the z = 16 nm cut.
of this finding is beyond the scope of the present work
but it is clear that it testifies a very specific softness of
such boundaries and it is quite possible that this could
be a typical and important property of 71-degree do-
main boundaries in other rhombohedral ferroelectric per-
ovskites.
In summary, our phase-field simulations suggest that
1-3 type nanocomposites with ferroelectric nanorods en-
ables to stabilize the interesting closed-circuit domain
quadruplets. The rhombohedral closed-circuit domain
quadruplets of the BaTiO3/SrTiO3 nanocomposite films
described here are particularly stable because the mon-
odomain tetragonal state of the nanorod is suppressed by
mechanical clamping and the rhombohedral monodomain
state of the nanorod is suppressed by the electrical
boundary conditions on its circumference surface. More-
over, the out-of-plane polarization of these nanorods is
facilitated by nonconventional 71-degree domain bound-
aries that can be easily bend and nucleated from resid-
ual 109-degree domain boundaries and at the nanorod
circumference surfaces. We believe that these intrigu-
ing findings will be an inspiration for the continuation of
nanoferroelectric studies.
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